As workplace air measurements of manufactured nanoparticles are relatively expensive to conduct, models can be helpful for a first tier assessment of exposure. A conceptual model was developed to give a framework for such models. The basis for the model is an analysis of the fate and underlying mechanisms of nanoparticles emitted by a source during transport to a receptor. Four source domains are distinguished; that is, production, handling of bulk product, dispersion of ready-to-use nanoproducts, fracturing and abrasion of end products. These domains represent different generation mechanisms that determine particle emission characteristics; for example, emission rate, particle size distribution, and source location. During transport, homogeneous coagulation, scavenging, and surface deposition will determine the fate of the particles and cause changes in both particle size distributions and number concentrations. The degree of impact of these processes will be determined by a variety of factors including the concentration and size mode of the emitted nanoparticles and background aerosols, source to receptor distance, and ventilation characteristics. The second part of the paper focuses on to what extent the conceptual model could be fit into an existing mechanistic predictive model for ''conventional'' exposures. The model should be seen as a framework for characterization of exposure to (manufactured) nanoparticles and future exposure modeling.
Introduction
The number of published workplace measurements for assessing occupational exposure to manufactured nanoparticles, as part of the larger group of nano-objects as defined by ISO (2008b) , has increased substantially over the past 2 years (Brouwer 2010) . However, in view of the large variety of possible exposure scenarios, the amount of available data is still very scarce. The need for additional information on occupational exposure will rapidly increase due to growing production volumes and use of manufactured nanoparticles. However, as workplace air measurements for manufactured nanoparticles are relatively complex and expensive to conduct, exposure models may be required to provide estimates of exposure for a first tier assessment.
Mechanistic models for exposure to ''conventional'' air contaminants have been developed for quantitative retrospective occupational exposure assessment to be used in epidemiology, for designing and complementing workplace exposure assessment and for regulatory risk assessments, such as under the Registration, Evaluation, Authorisation and Restriction of Chemical substances (REACH) regulations in Europe (Tielemans et al., 2007) . The Advanced REACH Tool (ART) incorporates a mechanistic source-receptor model that consists of three types of components: (1) sources, (2) compartments through which the contaminants may pass during their transport from the source to the receptor, and (3) the receptor Fransman et al., 2009) . This paper describes a conceptual model for occupational inhalation exposure to manufactured nanoparticles, similar to and based on the mechanistic model developed for ART ).
An important question is which exposure metric should be used for model predictions. Maynard and Aitken (2007) argued for a greater emphasis on the physicochemical properties of nanoparticles and proposed a framework for exposure monitoring, based on classification of nano-objects and identification of biological relevant attributes. Sampling methods and models should ideally measure or estimate aerosol number, surface, and mass concentration. In principle, these metrics are interrelated, and given the number concentration and size distribution, the surface area and mass can be estimated. The accuracy of the estimate will depend on the availability of additional information, such as particlespecific density and shape.
In this paper we will discuss (i) the requirements for proper source characterization; (ii) the role of coagulation, scavenging, and surface deposition during the transport of manufactured nanoparticles from the source to the receptor; and (iii) the interrelations between the three exposure metrics. Next, we will present the conceptual ''nano''-model and discuss any modifications required to adapt the existing mechanistic model from ART (www.advancedreachtool. com) for conventional inhalation exposure into a mechanistic model for nanomaterials.
Source Characterization
Exposure to manufactured nanoparticles can occur during synthesis, downstream use, application or treatment of products containing embedded manufactured nanoparticles, and waste recycling/disposal. Different mechanisms will determine emission rate and the transport of (nano) aerosols during the various life cycle stages.
Manufacture of nanoparticles can be broadly categorized into bottom-up and top-down processes. The most common examples of bottom-up processes are wet chemistry synthesis, gas phase synthesis based on homogeneous nucleation, and chemical vapor deposition where gases react and the product grows on a substrate. Size reduction such as ball milling or planetary grinding is a more conventional, top-down, method to produce (bulk) nanopowders. In the production phase, the nano-objects will be formed as primary particles (particles not formed from a collection of smaller particles (ISO, 2007) , but due to several different mechanisms the bulk powder are usually harvested and packed in a largely aggregated and/or agglomerated state . Fugitive diffuse and point source emissions may occur during the various stages in the manufacturing process (Demou et al., 2008 (Demou et al., , 2009 Park et al., 2009) .
After harvesting of the nanoparticles further processing may take place, such as surface modification, before the product is transported to the downstream user. Generally, downstream users will mix or disperse the manufactured nanoparticles with other materials to form the end or intermediate product. Bag emptying is one of the most obvious activities during which aerosols can be generated during the downstream use of manufactured nanoparticles. Within the EU-sponsored project NANOSH B50% of 41 monitored activities with nanopowders were related to transfer of the nanoparticles, such as bagging (12%), bag emptying (20%), and pouring or scooping of small amounts (20%; Van Duuren-Stuurman, 2009 ). At the time of writing, few other studies of workplace exposure to manufactured nanoparticles have been published (Brouwer et al., 2009; Brouwer, 2010; Seaton et al., 2010) . Ten papers were identified that reported on exposure during the production of manufactured nanoparticles, of which five were on a commercial scale. Bagging or packing were the most frequently studied activities, followed by harvesting of the product from the reactor. Two studies focused on downstream use and included activities such as transfer and pouring of small amounts of nanopowders and feeding of an extruder (injection molding).
Exposure may also occur during the application, further processing, or machining of end products containing embedded manufactured nanoparticles. In an experimental setting, Nrgaard et al. (2009) and Hagendorfer et al. (2010) investigated the release of volatile organic solvents and aerosols during application of commercially available nanofilm spray products. Koponen et al. (2009) and Bello et al. (2009) investigated release of particles following sanding and cutting of CNT composites, respectively. Finally, aerosols may also be released during abrasion processes (e.g., wearing) as was demonstrated in an experimental study by Vorbau et al. (2009) .
In summary, we have identified the following source domains that include the vast majority of current and nearfuture exposure situations for manufactured nano-objects:
(1) Point source or fugitive emission during the production phase (synthesis) before harvesting the bulk material; for example, emissions from the reactor, leaks through seals and connections, (2) Handling and transfer of bulk manufactured nanomaterial powders, for example, bag emptying, dumping, scooping, etc., (3) Dispersion of either intermediates containing highly concentrated (425%) nanoparticles or application of (relatively low concentrated o5%) ready-to-use products; for example, spraying of solutions that will form nanosized aerosols after condensation, (4) Activities resulting in fracturing and abrasion of manufactured nanoparticle-enabled end products at work sites, such as machining, for example, sanding, milling, cutting, etc.
From source to receptor

Coagulation and Scavenging
Manufactured nanoparticles emitted before harvesting may coagulate rapidly during the transport to the receptor and manufactured nanopowders have a tendency to agglomerate (Luther, 2004; Ma-Hock et al., 2007; Seipenbusch et al., 2008; Brouwer et al., 2009; Schneider and Jensen, 2009 ). The conceptual nano-model must thus take into account
Homogeneous coagulation of manufactured nanoparticles emitted from a production line or reactor before harvesting, in which high concentrations of primary manufactured nanoparticles or nanosized agglomerates may initially be present, Scavenging of emitted nanoparticles by background or associated larger particles (heterogeneous coagulation), The degree to which the agglomerates in bulk nanopowder break during handling and the consequences for the size distribution and structure (morphology) of the particles released to the air.
The relative occurrence in the breathing zone of workers of manufactured nanoparticles as primaries/agglomerates, or as attached to larger background particles will depend on the source characteristics and the coagulation and removal processes during transport from the source to the receptor (Seipenbusch et al., 2008; Schneider and Jensen, 2009) .
For an instantly mixed room, the time-dependent change of number concentration of particles with diameter D p , n(D p ,t), in the room can be described as
where S is source rate (particles/s) of manufactured nanoparticles and V is the room volume. The subscript ''coag'' refers to changes due to coagulation and ''loss'' to changes due to surface deposition and ventilation. For simplicity in Eq.
(1), it has been assumed that the makeup air is particle free. The change in number concentration due to Brownian coagulation can be described in continuous form as qnðDp;tÞ qt
where K(x, y) is the Brownian coagulation rate constant between particles of diameter x and y. The first term on the right accounts for the coagulation between two particles forming a new particle with volume equivalent diameter D p . The second term accounts for particles with diameter D p coagulating with all other particles. The Fuchs interpolation formula is commonly used as a starting point for calculating the coagulation rate constant. It can be modified to take agglomerate structure and interparticle and other forces into account:
The agglomerate and aggregate particle structure can be parameterized by the use of fractal dimensions. Increasing fractal complexity increases the rate of coagulation (Jacobson and Seinfeld, 2004) . Interparticle forces (a) The net effect of Van der Waals and viscosity force increases the coagulation rate constant. The A-value A/k B T ¼ 200 is often used, where A is the Hamaker constant, k B Boltzmann's constant, and T is the absolute temperature. The effect of fractal structure and the Van der Waals/viscosity force can be calculated by equations given in Jacobson and Seinfeld (2004) . As an example, for D f ¼ 1.7 and A/k B T ¼ 200 the coagulation rate constant for two 10 nm particles is enhanced by a factor 3.75, and by a factor of B16 for a 10 nm particle in a 1000 nm background. For particles in air, A/k B Tcan typically range from 20 to over 200 (Tsai et al. 1991 ).
(b) There are effects of electric charges (Zebel, 1966) (i) Unipolar charging of an aerosol decreases the coagulation rate constant.
(ii) For symmetrically charged aerosol
(1) For weakly bipolar charged particles there is no net effect (2) For highly bipolar charged particles, the effect of the coagulation rate constant increases. Increasing air turbulence increases the rate of coagulation. For example, stirring a chamber with a fan could increase the rate for 100 nm particles by a factor of two (Kim et al., 2006) .
The rate constant for coagulation between particles A and B is shown in Figure 1 . The coagulation rate constant between a smaller particle A and a larger particle B increases strongly with increasing difference in particle size, and is also proportional to the product of the concentration of particles A and B. Number concentrations of nanosized particles can be very large for even moderate mass concentrations; a mass concentration of 1 mg/m 3 consisting of 10 nm particles (specific density 1 g/cm 3 ) corresponds to 1.9 Â 10 9 particles/cm 3 . Thus, homogeneous coagulation of nanosized particles or
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1.E-04 ) heterogeneous coagulation (scavenging) would be negligible for residence times less than about 100 s. For concentrations of nanosized particles above 0.1 mg/m 3 homogeneous coagulation would increase the size of the original nanosized particles, thereby initially reducing the rate of scavenging. Seipenbusch et al. (2008) studied coagulation of nanosized particles released from a source with and without the presence of a coarser background aerosol. On the basis of their experiments and on modeling, they concluded that nanoparticles released from a fugitive source would not reach the receptor in the form of the primary aerosol.
Assessing the governing state of agglomeration is an important aspect of modeling. However, the underlying theory is complex and the concentration dependence of coagulation leads to a complex model structure. The consequences of coagulation can be included in a simple model if simplifying assumptions about coagulation are made. One approach has been proposed by Seipenbusch et al. (2008) . They used dimensional analysis of the parameters of a simple coagulation model for an instantaneously mixed single compartment to obtain a scaling parameter, Z, being the ratio of the loss rate by coagulation and the source rate
It was found that the experimental data could be approximated by the relation
In the presently proposed nano-model, the determination of the governing state of agglomeration will be based on direct calculation of Eqs. (1) and (2). For this purpose, a coagulation module has been developed. It is based on an instantaneously mixed single compartment. Manufactured nanoparticles and background aerosols of any size distribution can be introduced. At time t ¼ 0, a given concentration can be defined as the initial condition as the result of an impulse injection of manufactured nanoparticles and with or without a given constant concentration of a background aerosol. Another option is to have a constant source active for a total duration of 10 min. Surface deposition loss rate is neglected. The temporal evolution can be calculated for duration of up to 1 h, based on an algorithm developed by Miikka Dal Maso from the University of Helsinki, following the UHMA atmospheric dynamic model (Korhonen et al., 2004) . The coagulation coefficient is calculated using Fuchs interpolation. Corrections for fractal structure and Van der Waals/friction forces can be included at a later stage of development of the module.
Figures 2-5 have been obtained using this coagulation module. The figures serve to demonstrate the influence on coagulation of different initial particle concentrations and sizes and of a continuous nanoparticle source. In real occupational exposure scenarios, additional factors, for example, surface and ventilation losses, should be taken into account. For simulating such scenarios, additional information is needed, such as room dimensions and ventilation rate as will be discussed later. Figure 2 shows that in 100 s and a particle mode with a 10 nm geometric mean diameter (GMD), concentration must have a minimum of 10 6 /cm 3 to see an effect of coagulation. This agrees with the rule of thumb of Hinds (1999) saying that coagulation can be neglected if the concentrations are less than 10 6 /cm 3 . By increasing the concentration to 10 7 /cm 3 , the size mode shifts rapidly to larger diameters. The GMD of the 10 nm mode grew to B15 nm in 100 s (Figure 2c ).
In the simulations shown in Figure 3 , the initial conditions were mode 10 nm GMD and modal concentration 10 ) were introduced. In all three cases, the original 10 nm mode manufactured nanoparticles disappears and grows to approximately up to 70 nm size after 3600 s. In the case of the 300 nm background mode, the 10 nm mode grows to around 60-70 nm while the background mode is shifting very little towards bigger size. At the end of the simulation, the number concentrations in the 10 nm mode is lower and the peak is narrower compared with that observed in the other modeled scenarios. Simulation performed with a 1000 nm GMD background mode shows that the 10 nm mode at the end of the simulation is similar to the result from simulation without a background mode. However, presence of background particles still results in lower number concentrations and a slightly narrower peak. Figure 4 shows simulations for a continuous source. The particles had a size mode of 10 nm GMD, and concentration of 10 8 /cm 3 was introduced every second to the system in which there was (1) no background, (2) ). Coagulation of the 10 nm particles at the high concentration generated in this scenario is so rapid that the 10 nm particles have already grown to B15 nm in 1 s. However, due to the continuous input from the source growth, the self-coagulation is not readily observed as opposed to the previous simulations (Figures 2 and 3 ). Figure 4a , b and c appear to be very similar. However, detailed analysis of size distribution spectra shows that during the initial 2 s, the 10 nm source particles mode disappears about two and three times faster during the presence of the 1000 and 300 nm background modes, respectively. This effect of scavenging was found by keeping track of the sum of the particles in the first 17 size bins (0-20 nm). Compared with the cases without background mode, there are 220,000 and 60,000 particles lost from the 10 nm mode by coagulation and scavenging during the initial two seconds in the presence of a 1000 and 300 nm background modes, respectively. The concentration change over the whole spectra was 240,000 and 60,000/cm 3 with 1000 and 300 nm background spectra, respectively. These results illustrate the inherent difficulties in quantifying nanosized particles by particle monitoring.
Surface deposition
Surface deposition due to gravitational settling and Brownian and turbulent diffusion will come into play as a sink during transport from the source to the receptor and as a mechanism for contaminating surfaces. Resuspension of deposited particles will result in secondary emission sources.
The surface deposition velocity v dep (cm/s) is defined by the surface deposition flux J (particles/cm 2 /s) and particle concentration n (cm 3 ) outside the surface boundary layer as
where it is implicit that all parameters are dependent of diameter. The loss rate l surf due to surface deposition can be estimated as
where the room total surface is A and room volume is V. This assumes that the airborne particle concentration outside the surface boundary is uniform along the entire surface of the room. The deposition velocity may vary across the surface, and thus an area weighted deposition velocity should be used. The loss rate l surf and the loss rate due to ventilation l vent add up to a total loss rate l, which can be used for calculating the last term in Eq. (1). Lai (2002) reviewed experimental determinations of surface particle deposition velocities and a large variation was observed in between the different studies. A common feature is that the diameter-dependent loss rate has a U-shape with minimum at B300 nm. For particles below 300 nm the effect of gravity can be neglected, and the deposition velocity becomes independent of surface orientation. Loss rates of the order 10/h have been reported for room-sized chamber studies for 10 nm particles, this being on the same order as loss rates for 10 mm particles. For 300 nm particles, loss rates in the range 0.01 to over 1/h have been reported (Lai, 2002) . For the area weighted deposition velocity, the corresponding values were 0.04 cm/s for 10 nm particles and from 0.0001 to 0.01 cm/s for 300 nm particles. Lai and Chen (2006) used computational fluid dynamics (CFD) to calculate how large a fraction, f, of particles would deposit on the internal surface in a ventilated enclosure, 1Àf being the fraction removed by ventilation. Their results suggest that high concentrations of manufactured nanoparticles in ventilated enclosures can cause significant surface contamination even after short periods of time. He et al. (2005) concluded from surface deposition studies that deposition rates of particles o80 and 41000 nm were not affected by ventilation conditions. Gong et al. (2009) measured the surface deposition loss rates of diesel exhaust particles in ventilated car cabins. This represents scenarios with large surface to volume ratio, large surface roughness, and relatively high air velocities. They found loss rates of B10/h for 30 nm particles, and B4 for 100 nm particles. In conclusion, there are realistic scenarios where surface deposition could cause considerable losses of primary manufactured nanoparticles. As the primary particles grow by homogeneous coagulation or become scavenged by submicron size background particles, they enter a size range where surface deposition has a minimum. If the manufactured nanoparticles become attached to particles larger than about 1 mm or are emitted as such large agglomerates, loss by surface deposition may again have to be considered. Thermophoresis can either increase or decrease surface deposition velocity depending on the sign of the temperature gradient at the surface. In general, information allowing estimation of losses due to thermophoresis will not be available and will be neglected. The increased deposition velocity of charged manufactured nanoparticles due to electrical fields at surfaces can be expected to cause a negligible loss rate, but will of course enhance the rate of contamination for such surfaces ).
Interrelation Between Metrics
Let it be assumed that all manufactured nanoparticles consist of one or more primary particles of equal volume equivalent diameter d ve,prim . The volume equivalent diameter is a convenient reference diameter to which other diameter measures can be related (DeCarlo et al., 2004) . Consider a population of P agglomerates. The surface area S of the P agglomerates, each having surface s i is
where N i is the number of primaries in agglomerate i, k contact S (r1) corrects for the reduction of the area if the contact area between two primary particles is finite, and 
where m i is the mass of the individual agglomerates, and r is the specific density of the primaries. In case the primary diameters are not monodispers, d (8) and (9) gives the specific surface area
for monodisperse and
ve;prim Þ rEðd 3 ve;prim; Þ ð11Þ for polydisperse primary particles.
In case the primaries have a log-normal size distribution with a GMD GM(d ve,prim ) and a geometric standard deviation, GSD, it can be shown (Aitchison and Brown, 1969) that 
where b ¼ ln(GSD). Similar equations can be derived for the ratios involving total number of primaries
The validity of Eqs. (12 and 13) is very sensitive to deviations from log-normality of the upper tail of the size distribution.
Outline of a Conceptual Nano-Model
The conceptual nano-model follows the same structure as the conceptual model for inhalation exposure previously described by Tielemans et al. (2008) . This conceptual model describes a stepwise transfer of a contaminant from the source, through various transmission compartments to the receptor. In the source compartment, a substance is emitted into the air as a result of an activity. The following transmission compartments are included in the model:
1. The ''local control influence region'': a virtual boundary around a source that represents the zone of influence of any local control system.
2. The near-field (NF) and far-field (FF) compartments: the NF compartment is conceptualized as a volume of air within 1 m in any direction of the worker's head. The FF comprises the remainder of the room. Hence, the concept of NF-FF can be considered as a box-inside-of-a-box, where the worker moves around in the FF zone with an enveloping NF zone; 3. Source and personal enclosure. 4. Surface compartment: surfaces (e.g., workbench, wall, and personal clothing) that potentially have been contaminated by the contaminant through deposition or adsorption.
The final component is the receptor, which represents the respiratory tract of the worker.
In addition to the compartments, nine modifying factors (MF) are defined in the conceptual model (Table 1 ). In the conventional conceptual model, the activity emission potential and the substance emission potential determine the emission terms of mass. For the nano-model, these two MFs will also need to determine the concentration in terms of particle number and surface area. The mass and the total number of the original primary particles of the manufactured nanoparticles are quantities that are not changed due to coagulation. Coagulation does, however, influence the transport efficiencies between the compartments due to change of diameter, thereby affecting surface deposition rates and deposition in the airways.
Atmospheric aerosol size distributions are characterized by size modes caused by aerodynamic processes: nucleation mode (o20 nm), Aitken mode (20-80 nm), which is the transition mode between the nucleation and accumulation modes, accumulation mode (80-1000 nm), and coarse mode (41000 nm). Individual particle growth, coagulation, and sedimentation are the cause of these distinct modes. As similar physical processes are at play at workplaces, Whitby (1981) proposed to use a similar modal analysis of work room aerosols. Field measurements of manufactured nanoparticles production and downstream use scenarios (Brouwer, 2010) have shown the existence of a submicron mode and of a mode above 1 mm. It is thus proposed to use size class boundaries 100 and 1000 nm.
Owing to aerosol dynamics (concentration, size distributions, time, and space), the conceptual nano-model can thus be divided into two principal models for a FF and a NF source, respectively (Figure 5a and b) . The proposed nano-model is based on availability of particle size data for the source emission and includes changes by coagulation and surface deposition during the transport phase. Taking into consideration the proposed size class boundaries, this will mean more specifically that (1) For particles emitted in the o100 nm size range, the coagulation module should be applied (a) If homogeneous coagulation prevails, but only proceeds slowly, surface deposition losses should be included.
(b) If during the residence time the majority of manufactured nanoparticles move into the 100-1000 size mode by homogeneous coagulation or by scavenging, then deposition losses can be neglected, but the size distribution/state of agglomeration at the receptor should be addressed.
(c) If there is an associated aerosol (e.g., sanding dust) or a background aerosol in the size range above 1000 nm, the coagulation module should be used to estimate if the concentration is high enough to cause significant scavenging of the manufactured nanoparticles. The results should be used for estimating size distribution at the receptor. (2) For particles emitted in the 100-1000 nm size range, the coagulation module should be used to verify that coagulation will not change size distribution during transport. (3) For particles emitted in the 41000 nm size range, estimates of surface deposition losses and of the size distribution of the agglomerates at the receptor should be considered.
Principal MFs of the Nano-Model
Next, we will focus on the applicability of the sourcereceptor predictive exposure model ART, in view of the specific behavior of nanosized aerosols and types of exposure situations or activity domains. The principal MFs listed in Table 1 are reviewed to determine their relevance and application in the nano-model and to identify any knowledge gaps.
Substance Emission Potential
In case of a liquid, for example, a liquid dispersion, similar to conventional scenarios key parameters will here be concentration of solute, diameter of dispersed particles in liquid, and viscosity (Fransman et al., 2009 ). For powders, the emission potential is determined by the dustiness of the material.
Dustiness cannot yet be quantitatively predicted by theory, but dustiness testing can provide useful information. Dustiness testing using a rotating drum test of nanosized metal oxides and nano-clay generated dust that mainly consists of agglomerates larger than 100 nm with a bi-or multimodal size distribution with a major mode between 100 and 300 nm and coarser modes above 1 mm TEM analysis of the particles showed that the primaries ranged from 10 nm to over 100 nm, and that the primaries often had a broad diameter distribution. Only cumulative distributions were presented but these indicate that the size distribution was either mono or bimodal, with the smallest mode B200 nm in case of a bimodal distribution. The authors concluded that dispersion into the air did not result in much dissociation of the agglomerates present in the bulk powder. Results from workplace measurements suggest that the bimodal size distributions obtained by dustiness tests are representative for workplace conditions (Kuhlbusch et al., 2004; Kuhlbusch and Fissan, 2006; Fujitani et al., 2008; Old and Methner, 2008; Yeganeh et al., 2008; Peters et al., 2009) . ART assigns an intrinsic substance emission potential for powders to one of the six classes; that is, solid objects, firm granules or flakes, granules or flakes, coarse dust, fine dust, and extremely dusty product with associated scores (Fransman et al., 2009) . Most nanopowders will probably fall into one of the two highest dustiness classes, with a factor three difference between these two categories. In contrast, the dustiness of the five nanopowders tested by Schneider and Jensen (2008) ranged by a factor 30 when measured as mass and a factor of 20 when measured as particle number, respectively.
This indicates that the current dustiness classification in ART does not provide sufficient resolution. Therefore, until alternative dustiness classes with increased resolution are available, actual dustiness data are needed for emitted mass (respirable and inhalable dust) and particle numbers (by size classes, preferably given as the complete size distribution).
Dustiness tests with size resolution have been performed with various methods. Schneider and Jensen (2009) proposed a combined single/continuous drop and continued agitation rotating drum test to provide dustiness data for a broad range of user scenarios. To determine specific surface area of powders, new methods need to be developed that only requires milligrams of powders, in contrast with the Brunauer Emmet Teller nitrogen or krypton absorption method. Further studies are also needed to investigate the potential role of coagulation and scavenging on the particle size distributions using different doses and dustiness test systems.
Activity Emission Potential
The activity emission potential is determined by level of energy, scale (amount of product used), and product-to-air interface (i.e., level of containment). The effect of the product-to-air interface on source strength is the same for nanomaterials as for conventional materials. Hence, this section will focus on the type and level of energy that determine the source strength (motive forces, gravitational The same effectiveness is assumed as for ''conventional'' exposures
The MFs are assumed to apply for four source domains as indicated in the text.
Model for assessment of inhalation exposure Schneider et al. and impact sources, frictional forces, pressure drop and other dispersion forces, and heat). Scale is briefly discussed in the context of manufactured nanomaterial. The activity domains covered include fugitive emission during production, handling and transfer of bulk nanomaterials, dispersion of spraying nano-spray solutions, and machining nano-end products.
Motive, gravitational and impact forces are relevant for fugitive emission during production, handling, and transfer of bulk powders. It is unclear to what extend the impact of these forces will differ between conventional and manufactures nanosized materials. For example, some powders such as fumed silica with high-specific surface area (B200 g/m 2 ) may be extremely ''fluffy'' and therefore liberate dust at low levels of these forces. Similar behavior is observed during handling of bulk carbon nanotube powders (Maynard et al., 2004) . However, this will already, at least, to some extend be covered by the substance emission potential (dustiness).
Frictional forces are considered to be important in the domain of machining of an end product. Vorbau et al. (2009) used a standard abrasion tester (Taber Abraser) to measure the emission of particles from surfaces painted with nanocoatings. Emission rates of up to 3.5 Â 10 3 particles/s were found. Koponen et al. (2009) found that the GMD of the smallest size mode of dust generated by sanding paints or fillers (sanding paper grit size 240) was above 100 nm, and that partial substitution of pigments with engineered nanoparticles did not cause a systematic change in the size distributions. Zaghbani et al. (2009) studied particle generation during dry and wet milling of conventional substrates and concluded that in both cases ''the majority of the particles generated are in the 20-735 nm size range''. Bello et al. (2009) conducted a study on the release of particles during dry and wet cutting of composites and observed an increase of particle concentration below 100 nm during the activities. However, they did not observe a difference between CNT-based composites and other composites. Submicron long, thin fibers were observed, but no individual CNT fibers. They concluded that CNT remained encapsulated in the epoxy product.
If free primary (or nanosized agglomerates) manufactured nanoparticles were released, it is plausible that they would coagulate and be scavenged at a high initial rate and thereby become invisible in a measured size spectrum. Both the Vorbau study and the Bello study show that nanosized particles are released; however, only product fragments with embedded nanoparticles were observed by TEM analysis.
It is unlikely that a general rule can be developed for predicting the nanoproperties of dust from machining or sanding composites containing of manufactured nanoparticles. Machining and sanding of conventional materials as well as materials containing embedded nanoparticles can both produce nanosized particles. There is a non-negligible probability that some bare surface of manufactured nanoparticles is present at or protruding from the surface of these particles.
Pressure difference/spraying is relevant for the intentional aerosolization of a ready-to-use product containing manufactured nanoparticles. We assume that the physics of droplet formation will be similar to spraying conventional suspensions. The initial size distribution will be the droplet diameter distribution folded with the Poisson distribution of probability of a drop of given size containing 0, 1, 2, etc. particles and for a given particle concentration in the sprayed suspension (Raabe, 1968) . If nanosized particles are to be generated, then the solvent used in the spraying solution has to be reasonable elemental and purity, as residual impurities could increase the diameter above the nano range. Most, if not all, of these applications attempt to form a nanosized layer on a surface. Application of nanofilm products using hand spray bottles or pressurized cans can generate airborne particles below 100 nm (Nrgaard et al., 2009; Hagendorfer et al., 2010) , with the particle number concentration and size distribution strongly depending on the spray technique (i.e., pressurized or pump), the type of product, and the configuration of the tip. The number of aerosol particles released was dominated by the nanosized particles, but they were formed by different processes: (1) evaporation and condensation processes in the air, (2) liberation of free engineered nanoparticles after evaporation of the solvent, (3) particle formation during spraying and secondary particle formation due to atmosphere chemical reactions. Noteworthy, one or more of these processes may occur during the use of these products. Therefore, application by pumps or sprays can result in quite complex exposures and require advanced measurements. In the domain of fugitive emission during production, there is evidence that heat modifies exposure. Tsai et al. (2009) observed that increasing the temperature of the injector needle in the production of multiwalled carbon nanotubes by a chemical vapor deposition process resulted in increased particle number, smaller particle size, and a more narrow particle size distribution. During flame spray pyrolysis production of nano-gypsum, Demou et al. (2009) observed that increasing the flame temperatures resulted in a significant shift of the size distribution to smaller size ranges and a (non-significant) change of maximum peak concentrations. During compounding of nanocomposites, that is, dispersion of nanocompounds through a polymer matrix by a hot-extrusion process, Tsai et al. (2008b) observed a change of particle size distribution closer to the extruder during the melting of the polymer. As no nanocompound was being fed, the authors concluded that this would be due to the formation of very small polymer fume particles. During the loading of the nanocompound filler, both the particle number concentration and the particle median diameter increased. Characterization of the aerosols showed a complex mixture of individual nanocompound particles and agglomerates of these particles, as well as fume particles from the polymer and possibly others (possibly also originating from the nanocompound).
Heat will also affect evaporation and condensation processes during the generation of aerosols. However, it is unclear whether this would affect initial aerosol size distribution. Nanomaterials do not seem special in view of scale. The NANOSH data set (Brouwer et al., 2009 ) for handling and transfer of bulk manufactured nanomaterial powders showed for commercial scale on average a 600-fold higher use rate compared with non-commercial or bench scale use (B. Van Duuren-Stuurman, personal communication). However, for other source generation domains, for example, spraying ready-to-use products, the current use will often be at a low amount and volume. On the other hand, the applications may often be conducted in areas with low air volume to emission rate ratios and under poor ventilation conditions. In these exposure scenarios, aerosol dynamics may have an important role.
Transmission Compartments
Localized Control
It is assumed that the effectiveness of local control measures to reduce exposure concentrations is similar for manufactured nanosized aerosols compared with conventional particles. However, the available evidence on the effectiveness for nanosized aerosols is very limited. The evidence for the effectiveness of control measures, such local exhaust ventilation (LEV) and enclosure, was reviewed by Fransman et al. (2008) . They suggested an estimated overall efficiency of LEV of 86% for dusts and vapors, although a large variation in the effectiveness was observed. Exterior LEV and mobile LEV had lower overall efficiencies.
Full enclosure, where the process is completely contained, such as a glove box or glove bags, has been shown to be highly efficient for pharmaceutical powders (Fransman et al., 2009) .
The overall efficiency of LEV systems depends on the degree of enclosure, the hood design and the airflow, the specifications of the contaminant cloud, and operators' activities (HSE, 2008) . Particle capture efficiency in a ventilation system is affected by the particle size. Particles with a diameter of 200-300 nm have minimal diffusion and inertial properties, and are easily transported by moving air and captured by exhaust systems. Particle motion by diffusion increasingly dominates as a particle diameter decreases below 200 nm. Current scientific knowledge indicates that the established criteria for maintenance and use of ventilation systems, such as those recommended by ACGIH, are applicable for controlling airborne nanometerscale particles (Schulte et al., 2008) .
The effectiveness of partial enclosure in combination with ventilation, for example, fume cupboard or fume hood, has been investigated for a few nanopowders during transfer of relatively small amounts by pouring and scooping (Tsai et al., 2008a) . The authors reported in some cases a significant increase of particle number concentration in the breathing zone during handling of nanoparticles. Effectiveness of the fume hood appeared to be related to fume hood design, sash heights and resulting face velocity, work practices, and turbulent air penetration from the fume hood. Old and Methner (2008) reported an overall reduction of particle concentration by LEV of 96% for particles in the size range 300-10,000 nm during reactor cleanout, with the highest reduction for the smallest size ranges.
The effectiveness of filters to intercept nanoparticles is an important factor that should be demonstrated. In general, the filtration efficiency as a function of particle size has a characteristic ''U'' shape curve with a minimum filtration efficiency (or most penetrating particle sizeFMPPS) at B350 nm (Hinds, 1999) . Smaller particles (10-100 nm) are captured mainly by diffusion, whereas larger particles (1-10 mm) are captured by interception and impaction mechanisms (Schulte et al., 2008) . Pui et al. (2008) showed that recirculation air filtrated by fibrous filter media is highly effective in reducing exposure to incidental and intentionally produced airborne nanoparticles.
Segregation and Separation
The effectiveness of segregation of the source from the work environment, especially for the partial segregation, is relatively low for conventional type of contaminants (B50%; Fransman et al., 2008) . Separation of the workers, such as by enclosed cabins, is more effective (B90% reduction), although for partial separation the efficiency decreases and the variation in effectiveness of the control measure increases substantially (Fransman et al., 2008) . Effectiveness of segregation and separation is assumed to be similar for nanoparticles and conventional particles, although there is a paucity of data from experimental or field studies to substantiate this assumption.
Dispersion
The present simplified two-box model (NF and FF), assumes perfect mixing in both compartments with transport between the compartments due to local airflows and turbulence. This assumption may lead to substantial error for NF sources, as localized sources can generate meandering plumes of contaminated air that are quite persistent (Ayer and Yeager, 1982) with potentially high homogeneous coagulation rates. Scavenging depends on presence of background particles in the plume. The practical implications of neglecting coagulation and scavenging, in particular for NF sources, needs to be studied further by field measurements using particle sizing instrument with high time resolution.
Personal Behavior
The location of the source in relation to the worker and the amount of latitude the worker has to interact with the source, for example, from defined work methods or protocols, are the main determinants. This MF is closely related with the activity emission potential. As much effort is given to derive good work practices (ISO, 2008a) , handling nanomaterials might be more protocolized and thus less prone to personal behavior as compared with handling conventional materials.
Surface Contamination
Two processes, deposition and resuspension, are relevant for surface contamination. For scenarios where reduction in airborne particle concentration due to surface deposition cannot be neglected, for example, for uncharged particles r100 and Z1000 nm or a ventilated enclosure containing a source, the resulting surface contamination could be significant. The surface concentration C surf given in any of the three metrics can be estimated by
,where DT is time since surface was last cleaned, and C air is the airborne concentration above the surface, given in the same metric as the surface concentration.
Charged nanosized particles have a large migration velocity in electric fields, and thus particles carrying a charge of the right sign will be effectively removed to a surface generating an electrical field. For particles at saturation charge and assuming a field strength of 20 kV/m at the surface with the right polarity, the deposition velocity can be B1 cm/s for 10 nm particles (Chen and Lai, 2004) . Even for particles with a Boltzmann charge distribution, the presence of an electrical field at a surface will increase the deposition rate, although for particles below 10 nm this effect will be negligible, because the fraction of such particles carrying a charge is very small (McMurry and Rader, 1985) .
Some limited evidence is available with respect to resuspension. Kousaka et al. (1980) found that agglomerates of nanosized particles, with a size below 1 mm, on a glass plates were not released at wind velocities of 100 m/s parallel to the surface. Experiments on resuspension caused by human indoor activities, such as walking and cleaning, have focused on particles B1 mm. In general, the resuspension rate increases with increasing particles size from 1 mm to over 10 mm (Qian and Ferro, 2008) . Therefore, human activities may cause resuspension of manufactured nanoparticles attached to super-micron particles.
Receptor
Personal Protective Equipment
Although personal protective equipment (PPE) was not specifically described by Tielemans et al. (2008) , it is included here because it is an important topic for manufactured nanoparticles. Overall performance of protective devices in real workplace exposure situations can only be obtained from data generated by Workplace Protection Factor studies and an overall data analysis to obtain so-called assigned protection factors (APF). The APF is defined as the minimum anticipated protection provided by a properly functioning PPE to a given percentage (usually 95%) of properly fitted and trained users (OSHA, 2006) .
Research of the effectiveness of respirators has focused on the collection efficiency of filters for nanoparticles. The MPPS varies with type of filter media and the condition of the respirator (Shaffer and Rengasamy, 2009) , especially for electrostatically charged filter media (observed range 30-100 nm). Other studies confirmed that these types of filters are less effective for nanoparticles compared with HEPA or ULPA-type of filters (Golanski et al., 2009 ). Evaluation of commercial filter media under harsh conditions, for example, high-face velocity, is needed. However, there is currently no evidence that the APFs for respirators deviates for nanoparticles compared with conventional particles. Coagulation or scavenging of nanoparticles can result in agglomerates with sizes around 200-400 nm, which is considered to be the MPPS for mechanical filters (Shaffer and Rengasamy, 2009 ).
Discussion
The conceptual nano-model as outlined in this paper addresses the major processes and compartments involved in the transport of nanosized particles emitted from a source to a receptor. Four different domains of emission were distinguished: (i) fugitive/point source releases of nanoobjects during the production, (ii) the handling and transfer of bulk nanopowders, (iii) dispersion of intermediates and application of ready-to-use manufactured nanoparticles products, and (iv) fracturing and abrasion of manufactured nanoparticles containing end products. Fugitive release of nanoparticles will generally be from FF sources, whereas handling activities with manufactured nanoparticles containing end products will be mainly from NF sources. The emission rate and size distribution together with the background aerosol concentration and size distribution will determine the effect of coagulation (and surface deposition) and the state of agglomeration at the receptor. For practical applications of the nano-model, it is necessary to have some reference values with respect to size and concentration, when scavenging of nanoparticles by background aerosols is the dominating process. Experimental studies, for example, by CFD simulations, might be helpful to derive such indicators.
The applicability of the ''conventional'' ART model and its principal MFs to the source domains relevant to nanomaterials is summarized in Table 1 . A 'nano'-proof edition of ART will require some additions and adjustments, such as a run-time version of the coagulation module to address possible shifts of particle size distribution and scavenging. In view of loss of particles emitted from sources in the FF, the surface deposition by Brownian and turbulent diffusion of particles r100 nm, or gravitational settling of larger agglomerates (Z1000 nm) in combination with dilution by air exchange, should be further addressed.
The conceptual model as outlined in this paper offers a systematic approach for the assessment of exposure to nanoparticles, and describes the type of processes and mechanisms that will affect exposure and consequently what type of data should be collected during field studies. A consistent and harmonized approach to data collection, collation, and analyses are the key factors for the development of a database that could be used for future calibration of a mechanistic model based on the conceptual model. The approaches that have been proposed so far for example, Brouwer et al. (2009); Methner et al. (2010) , are good starting points for the process of harmonization. Any future calibration would require simultaneous measurements of all relevant metrics at both source and receptor, although estimates of surface area and mass concentration derived from the results of size-selective particle number concentration measurements can be used as a starting point for calibration. Additionally, harmonized approaches for the measurement and reporting of primary manufactured nanoparticles and agglomerates and reporting are required.
Meanwhile the conceptual source-receptor model for nanoparticles can be used as a framework for characterization of exposure in a control-banding tool, similar to the underlying model of the Stoffenmanager for inhalation exposure to ''conventional'' particles (Marquart et al., 2008) and the control-banding tool for handling powders described by Zalk et al. (2009) .
